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 Covalent functionalization significantly enhances the utility of carbon 
nanomaterials for many applications. In this study, we investigated the functionalization of 
double nitrogen doped graphene by the addition of different alkyl and phenyl functional 
groups at N atoms in syn and anti-configurations. Density functional theory calculations at 
the B3LYP/def-SV(P) level were employed to understand the syn versus anti preference 
on functionalization. The bond lengths, bond angles, relative energies, deformation 
energies and HOMO-LUMO energy gaps, of the syn and anti-configurations of the 
functionalized 2N-doped graphenes, have been compared. Functionalization with two 
groups leads to considerable deformation of 2N-doped graphene, which is confirmed by 
the change in C–N bond lengths by attachment of the functional groups. The attachment of 
larger functional groups deforms 2N-doped graphene to a greater extent than smaller 
functional groups. The HOMO-LUMO energy gap values are the least for the alkyl 
functionalized products, indicating that these structures are kinetically less stable than the 
phenyl functionalized products.  
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Carbon being the fifteenth most abundant element on the earth, and due to its 
uniqueness in forming polymers, has made it the most common element in all life forms. 
For several years, it was considered to form three major allotropes namely graphite, 
diamond, and amorphous carbon.1 In both diamond and graphite structures, atoms are 
arranged in different ways, which enable these two materials to possess completely 
different properties. However, in the last few decades, some new allotropes of carbon have 
been discovered.2-4 One of the new allotropes is graphene, which is a crystalline material 
of two-dimensional structure. 
 The research on graphene has been going on since 1947, but the intriguing research 
interests have been started after the excellent article published in 20045 by Andre Geim 
and Konstantin Novoselov, who were awarded the Nobel Prize in 2010 for their discovery 
of graphene.6 Geim’s group reported graphene by pulling flakes of graphite through pieces 
of sticky tape. In this process, they further folded the tape and pulled it apart to cleave the 
graphite so that even smaller layers can be obtained. After a major detailed work, only one 





later in Manchester by the same team was able to create graphene transistor using just one 
atom thick and ten atoms wide sheet.7            
The greatest recognition by the award of Nobel Prize shows the importance of 
graphene, which is revolutionizing the science world.8 The discussion in this paper 
emphasizes the general information regarding graphene and its doped materials, mainly 
nitrogen doped and two nitrogen doped graphenes. In addition, a brief comparison between 
diverse chemical modifications is also provided in this thesis for graphene and its doped 
materials. 
 Graphene is a remarkable substance that has a two dimensional structure. The 
process of obtaining graphene from rubbing the pencil on a tape and obtaining flakes of 
carbon is called mechanical exfoliation. Graphene is a one atom thick layer consisting of 
carbon rings in hexagonal shape. Although being amazingly thin, the major characteristic 
of graphene is its strong structure and stiffness. It has very light weight and is completely 
transparent. Other major characteristics are its electrical and heat conductivity.9,10 
Moreover, graphene shows some unusual electronic properties making it very unique in 
revolutionizing electronic components.11 Several general properties of graphene are 
discussed below.  
Though graphite is soft, the atoms within its layers are very tightly bonded. Like 
carbon nanotubes, graphene is a very strong material.3 It is recorded to be the hardest 
substance, even stronger than diamond and up to 200 times stronger than steel. 





20 to 25 percent of its original length and has a tensile strength of 130,000,000,000 Pascal 
or 130 Giga Pascal. 12,13 
Graphene is super light in weight. Its weight can be calculated to be about 0.77 
grams per square meter. It is the most light weight substance, but its strong and flexible 
nature makes this nanostructure so unique. Graphene also has an enormous heat 
conductivity characteristic than any other material. It can be used in composite materials, 
so that extra heat resistance can be added to plastics and other materials.8 Graphene through 
its flat, hexagonal lattice offers very little resistance to electrons in transporting energy. Its 
conductivity is more than copper. The electrons inside the graphene have a longer mean 
free path than copper. This property of graphene can revolutionize the electricity 
production without any power loss, as graphene could conduct much efficiently even at 
room temperature. Lastly, graphene provides some unusual electronic properties as well. 
As the movement of electrons in graphene is much longer and free from any collisions, the 
possibility of transferring signals is very good. Making computer chips from graphene 
could enhance the performance as well as reduce the power consumption.2 Additionally, 
graphene can be used to test the theories such as theory of relativity and quantum 
mechanics. The major areas where graphene can contribute greatly is the transistor based 
technology as the world is greatly moving towards digital technologies. 
The production of graphene on an industrial scale can be done through various 
processes that include, chemical vapor deposition (CVD), and another approach of growing 
crystals of graphene starting from a carbon rich solid, such as sugar.1 According to the 





Manchester seem to have mastered the problem of "swelling" of carbon particles on contact 
with water.14 The new molecular membranes based on graphene oxide are mechanically 
stable on contact with water, which can open the possibility of making desalination plants 
hyper efficient, with virtually zero operating costs as they are powered by solar energy.15 
This new invention will lead to much less steps compared to the currently used 
technologies to achieve the goal of separating water and salt, and lowering the total energy 
cost of the process. 
One major graphene manufacturing process is the exfoliation of graphite as it is the 
most easy and low-cost method until now. The process can be performed by different 
methods that include micromechanical exfoliation, ultrasound treatment in solution, 
milling and intercalation steps.1 However, the exfoliation process has drawbacks of being 
complex, low output yield and is time consuming. Since the discovery of graphene, various 
methods of manufacturing graphene have been invented and it has become the most 
revolutionizing material in the electronic industry. 
Graphene forms a filter on its own as it is an atomic mesh with a hexagonal pattern. 
What else can it be worth? For thousands of applications! There are already hundreds of 
scientific studies published only for its molecular sieve capabilities,16-21 one of the most 
advanced talks of threading DNA structures in the graphene nano-pores to identify the 
genetic sequence, deciphering the nucleus code and capturing the electrical signals of the 
same with graphene. On the other hand, hydrogen has a great future as a source of energy.22 





Graphene, allows for the first time to construct materials from inside to outside, 
from the first molecule.23 The possibilities of creating complex atomic structures or, rather, 
arranging the atoms in the right way for the required functionality will be significant. 
Recently, a hybrid material was developed by attaching porphyrin molecules to graphene. 
Porphyrins are protein rings that are part of chlorophyll, essential for photosynthesis and 
hemoglobin to transport oxygen in the blood.15 The worldwide fascination with graphene 
will bring about a new era of molecular architecture in the future. 
1.2. N-Doped Graphene 
To further enhance the properties of materials, such as chemical, magnetic and 
optical, doping is an ideal way. As chemical doping in graphene intrinsically modifies its 
properties, nitrogen doping plays a critical role to obtain different behaviors for 
applications of carbon materials. The concept of this method has been used in the 
modifications of devices such as semiconductors and photovoltaics.8 The idea of 
substitutional doping of graphene is to disturb the hybridization of carbon atoms. This 
brings a substantial change in the physical and chemical properties of the atoms. In this 
doping process, it is projected as the introduction of n-type carriers in the system as it is 
vital for high frequency devices of semiconductors.2 Nitrogen doped graphene is obtained 
by substitution of carbon by nitrogen in the graphene. It has potential applications that 
include gas sensors, lithium batteries, oxygen reduction reactions, super capacitors, field 





As schematically illustrated in Figure 1, Graphene when doped with nitrogen 
provides with three common bonding configurations: The pyridinic nitrogen, pyrrolic 
nitrogen and the graphitic nitrogen.28 These configurations have different properties and 
are used for various purposes which depend on the doping ratio of nitrogen and graphene. 
For pyridinic N doped graphene, each N atom is bonded to two C atoms and donates one 
π-electron to the π system. In case of pyrrolic N atoms, they are incorporated into the 
heterocyclic rings and each N atom is bonded to two C atoms, contributing two π-electrons 
to the π system. Graphitic (or quaternary) N refers to the N atoms that replace the carbon 
atoms in the graphene plane. Such doped N atoms can change the local density of state 
(DOS) around the Fermi level of N-doped graphitic carbons, which may play a vital role 
in tailoring the electronic properties and improving their oxygen reduction reaction (ORR) 
performance. 
 
Figure 1. Schematic representation of different types of N atoms (graphitic, pyridinic and 





Basically, in the process of nitrogen doping in graphene, nitrogen containing 
reagents such as NH3 and nitric acid are used in many cases. Another approach includes 
activation of nitrogen-rich carbon antecedents, such as pentachloropyridine, polypyrrole 
and pyrimidine. One step hydrothermal carbonization is an important traditional method 
that helps in preparing carbonaceous materials and hybrids.29,30 Hydrothermal method is 
reported an efficient method for large scale preparation of graphene: graphene oxide (GO) 
prepared according to the modified Hummer’s method was then reduced by a nitrogen 
containing reductant and finally transformed into N-doped graphene.29,30  
The setbacks which occur in graphene oxide can be overcome through obtaining 
the N-doped graphene oxide (NGO). The nitrogen doped graphene disperses easily within 
the solution as compared to graphene oxide. Also, the transformation from p-type to n-type 
substance promotes holes transport for various services and provides improvement of 
biocompatibility of carbon based devices and an efficient enhancement in the graphene 
based super capacitors. This allows graphene to be used in a wide variety of electronic 
devices. Additionally, the nitrogen doped graphene oxide also acts as an antecedent for the 
formation of nitrogen doped graphene. The transformation from graphene oxide changes 
the chemical, optical and electronic properties.1 This allows N-doped graphene oxide to be 
more chemically active due to embedding of extra functional groups.  
               The most effective method for obtaining nitrogen doped graphene is the exposing 
of graphene to nitrogen plasma.31,32 N-doped graphene exhibits much higher electro 
catalytic activity towards H2O2 reduction and oxygen reduction compared to pristine 





expensive in the oxygen reduction reaction. It is worth mentioning that N-doped graphene 
provides promising applications in electrochemical energy devices which include fuel cells, 
metal air batteries and biosensors. Nitrogen doping is an effective way to modify the 
characteristics of basic graphene and obtain different potential properties for use in various 
applications. 
              Having zero bandgap and being only a two-dimensional carbon-based 
nanomaterial, graphene has the ability to become the next-generation nano electronic 
device. This could happen easily by substitution of different elements in graphene to obtain 
a finite bandgap. It was found that nitrogen (N) and boron (B) are two very suitable 
elements in substitutional doping of graphene network.33 These two elements are very close 
to the atomic radii of carbon atom. Graphene behaves like a p-type material if doped with 
boron while it behaves like an n-type if doped with nitrogen. Since there is one extra 
electron in nitrogen atoms than carbon, a direct substitution of carbon atoms in the graphite 
lattice takes place when doped.    
  The introduction of lithium ion batteries has provided graphene the position of best 
anode material. The main cause is the capability of graphene to extract lithium ions.34 
Performing electrochemical measurements resulted in demonstration of doubling of the 
reversible capacity of N-doped graphene. Further study showed that the actual reason was 
the presence of a high percentage of pyridinic nitrogen atoms due to which the 
electrochemical performance of the obtained N-doped graphene was enhanced 
significantly. However, utilization of CVD process in producing single layer graphene was 





to its low yield. Recently, another preparation method for N-doped graphene was 
introduced where the two major features of high capacity and rate capability were 
achieved.35 The process included the combining of N-doped graphene with the construction 
of a porous structure. The doping method provided with possibility of bridging the gap 
between super-capacitors and lithium batteries. 
   Another major nanomaterial application of N-doped graphene is the area of 
electrochemical biosensors. The first electrochemical biosensor was constructed by using 
N-doped graphene, which was produced by treatment of reduced graphene with nitrogen 
plasma.31 The procedure had an additional feature of letting the nitrogen doping being 
tuned and could be controlled easily in percentage quantity through the plasma exposure 
time. The preparation method resulted in an enhanced electro-catalytic activity and thus 
enhanced conductivity and capability, making N-doped graphene a good material for bio-
sensing applications.       
           Nanoribbons of nitrogen doped graphite have been manufactured using chemical 
vapor deposition (CVD) technique.36 The level of doping causes changes in the electrical 
properties of nanoribbons which in turn makes it beneficial for the transistor applications 
and other related devices. In addition, it has been observed that reactivity of the 
nanoribbons can be modified through the level of doping. This quality makes it valuable 
for the purpose of catalytic and sensor applications.   
             Moreover, it has been observed that conducting electricity through graphene is 
possible when it absorbs light through stimulation of graphene electrons. The concept of 





graphene over the fuel cell technology.37 Significant impact has been made on design and 
development of metal free heteroatom-doped graphene based catalyst for fuel cells. Herath 
and Dinadayalane examined double nitrogen doped graphene structures at the density 
functional theory level to understand the electronic properties and their relative stabilities.38 
A finite-size graphene model was chosen for the doping of two nitrogen atoms at different 
positions. The effect of two-N doping with graphene on the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) was analyzed. The 
information obtained from this computational research is believed to stimulate future 
research interests in N-doped graphene.  
 Undoubtedly, graphene is a potentially active substance that could revolutionize the 
electronic industry. The doped graphenes provide much enhanced performance compared 
to pristine graphene in various applications and a wide variety of testings are currently in 
progress. The discussion in this thesis shows the importance of graphene in modern 
technology. Graphene has become the most demanding material and its various doped 
forms are also the revolutionizing materials in new inventions and processes around the 
world. 
1.3. Covalent Functionalization of Graphene 
 Over the complete 2D network, the material of graphene is exclusive of sp2 
hybridization with the delocalization of electrons. The covalent functionalization of 
graphene can enhance its properties such as conductivity, widening of the band gap, 
solubility and stability.12 The pristine graphene with the covalent functionalization requires 





structure in graphene. The reactions of functionalization of graphene use the intermediates 
of reactive radicals, nitrenes, carbenes, and arynes. These intermediate species are 
combined with graphene through radical addition, insertion of CH or cycloaddition. A 
range of covalent functionalization methods for graphene has emerged; for example, 
diazonium  reactions,39,40  reductive alkylations,41,42 1,3-dipolar cycloadditions,43,44 nitrene 
additions,45,46 halogenations,47,48 etc. 
Radical additions are the most used reactions for functionalization of graphene and 
the radicals can be generated from benzoyl peroxide and diazonium salt. The transfer of an 
electron from graphene to the diazonium ion of aryl or photoreaction of benzoyl peroxide 
yields different aryl radicals. The addition of radicals to graphene is used to form covalent 
adducts. The species of electron-deficient nitrenes are generated by the activation through 
photochemical and thermal processes, related to the organic azides which can help in the 
functionalization of graphene with efficiency. The nitrenes of perfluoro phenyl also show 
the bimolecular reactions in which there is a comparison with alkyl or phenyl nitrenes. The 
covalent functionalization of graphene reinforces the interfacial interaction and improves 
the dispersibility of graphene sheets. Barrejón et al. reported experimental study on the 
covalent functionalization of N-doped graphene by N-alkylation.49 This experimental work 





    CHAPTER II 
COMPUTATIONAL METHODS
 
2.1. Density Functional Theory (DFT)   
           In this study, we used Density Functional Theory (DFT) method for all the 
calculations. DFT can be described as a quantum mechanical (QM) method that can be 
employed to diverse research fields that include physics, chemistry and materials 
science.50,51 DFT methods are often primarily used to study the ground state electronic 
structure of multi-particle systems like atoms and molecules, among others. Although the 
theory was first made popular in the 1970s, it was not widely used until 1990s. In the early 
90’s, the estimations were made more precise to create improved models for exchange and 
correlation interactions. In comparison to traditional methods like exchange only Hartree-
Fock theory, the costs of DFT computations are generally kept very low. Walter Kohn and 
Pierre Hohenberg laid strong theoretical foundation for DFT in the framework of the two 
Hohenberg–Kohn theorems (H–K).52 The first H–K theorem demonstrates that “the ground 
state properties of a many-electron systems are uniquely determined by an electron density 
that depends on only 3 spatial coordinates”. The second H–K theorem defines an energy 
functional for the system and proves that the correct ground state electron density 





are (1) Local functionals (e.g., LDA - Local Density Approximation); (2) Semilocal or 
Gradient-dependent functionals (e.g., GGA - Generalized Gradient Approximations); (3) 
Orbital functionals and other nonlocal approximations (e.g., hybrids and Meta-GGA). 
LDA methods are based on the assumption of the surface of the molecule having 
equal density throughout. It is known that the LDA approximates the energy of the true 
density by the energy of a local constant density. LDA fails when the density undergoes 
rapid changes such as in molecules. Generalized Gradient Approximation (GGA) considers 
the gradient of the electron density. The incorporation of some of the features from ab initio 
methods, like Hartree-Fock method, and a few of the other more refined features of DFT 
mathematics are used by hybrid methods. One of the most popular examples of hybrid 
methods is B3LYP. In the past decade, several DFT functionals have been developed and 
some of them become very popular in a short period of time (e.g., M06 functionals, 
wB97XD, B3PLYP).53 Certain DFT methods are also created keeping in mind a definite 
purpose. For example, the MPW1K hybrid method was created for calculations involving 
kinetic studies.54 Because of the reliability and computationally inexpensiveness, DFT has 
been regarded as potentially the most successful and followed approaches with regards to 
quantum mechanics.  
DFT calculations can be employed to understand the structures, electronic and 
vibrational properties of isolated molecules. They are often used to find the binding energy 
of molecules involved in non-bonding interactions and the band structure of solids. 
However, there is a growing interest to apply quantum chemical calculations, in particular, 
DFT calculations in the fields of biology and mineralogy that are not closely associated 





in heavy elements and magnetic characteristics of alloys.55 Computations employing DFT 
methods are helpful to assist experimental investigations in characterizing the compounds, 
validating the reaction mechanisms.56  
One of the benefits of DFT methods is the enhancement in computational accuracy 
without the overhead of increasing the computing time. However, DFT methods also have 
a few drawbacks. For instance, they can pose difficulties in describing intermolecular 
interactions like van der Waals forces, charge transfer excitations; and calculations of band 
gap and ferromagnetism in semiconductors.57 Several studies concerning diverse 
applications have utilized B3LYP/6-31G(d) level as a standard model chemistry. 
2.2. B3LYP Functional 
Becke three parameter exchange and Lee-Yang-Parr correlation functional (B3LYP) has 
been adjudged as the most popular hybrid functional until last decade for a variety of 
reasons.58-61 It exhibited a remarkable improvement over Hartree-Fock (HF) method. As 
compared to the post Hartree-Fock method, B3LYP does not only execute the 
computations significantly quickly but it also produces comparable results. It has also been 
regarded as relatively robust as compared to other models. B3LYP is not heavily 
parameterized; it has 3 parameters.  
Computation of the exchange part of the XC energy (exchange-correlation energy, 
which is the difference between the exact total energy of a system and the classical Hartree 
energy) is carried out from the electronic wave functions. This is subsequently mixed into 






Following is the equation for B3LYP:62,63 
𝐸xc
B3LYP =  𝐸x
LDA +  𝑎0(𝐸x
HF −  𝐸x
LDA) + 𝑎x(𝐸x
GGA −  𝐸x




𝑎0 = 0.20, 𝑎x = 0.72, 𝑎c = 0.81. 𝐸x
GGA and 𝐸c
GGA are generalized gradient approximations.58 
𝐸c
LDA is the VWN local density approximation to the co-relational function.60 
The new parameterization of the B3LYP functional came into being after it was 
found that one of the factors that splitting of energy relies on is the exact exchange 
admixture parameter. Development of B3LYP functional persuaded computational 
chemists to use DFT in predicting physicochemical properties of molecules and reaction 
barriers. The significance of B3LYP functional can be reflected by the fact that it was used 
as the basis for designing other hybrid exchange correlation functionals. Many scientists 
and researchers have used B3LYP as their default functional because it has stood as a 
benchmark for numerous systems. This is supplemented by the fact that B3LYP’s 
performance is far superior as compared to some of the other density functionals. Some of 
the errors in non-empirical functionals are seen having a systematic pattern. For example, 
PBE overestimates bonding distances and, on the contrary, underestimates vibrational 
frequencies. Estimating the target property, as a result, becomes significantly easy. Using 
these functionals can also result in increased accuracy in relative quantities like, but not 
limited to, energy differences, frequency shifts and changes in bond length. Such properties 
can also be noted in functionals like B3LYP, which is principally due to significant error 
cancellation. Nevertheless, B3LYP also presents a drawback with regards to attaining 






In the field of theoretical and computational chemistry, a basis set can be described as a 
group of functions that represents the wave function in the Hartree–Fock method or density 
functional theory. These representations are used to translate a particular model’s partial 
differential equations into the form of algebraic equations that subsequently can be 
deployed in implementation on a computer. The split-valence (SV) basis is a minimal basis 
for core orbitals and is of double-zeta quality for the valence shell. Basis sets from of 
Ahlrichs and coworkers: the SV, SVP, TZV, and TZVP refer to the initial formations of 
the split valence and triple zeta basis sets from this group.64,65 The Turbomole family of 
basis sets, i.e., SV(P), SVP, TZVP, TZVPP, QZVP, and QZVPP are available for the 
entire periodic table except for the f-block elements. SV(P) is a double zeta valence basis 
set with polarization at all non-Hydrogen atoms. The importance of def-SV(P) can be 
reflected by a conducted test of the precision of all-electron basis sets with regard to 
molecules that contained the fourth-period element arsenic.66 The findings of the test 
revealed a consistency between the performance of def-SV(P) and its sizes.  
 







RESULTS AND DISCUSSION 
 
The geometry and the presence of diverse chemical modifications are very 
significant for graphene. The geometry is dependent upon the length, width, and edge 
chirality, whereas the chemical modifications are defined by diverse edge terminations and 
by substitutions in the graphene body. As shown in Figure 2, we studied the electronic 
structures of N-doped graphene with two doping sites (2N-doped graphene). Seven 
functional groups were considered for attachment with the nitrogen atoms: Methyl (Me), 
Ethyl (Et), Propyl (Pr), Isopropyl (iPr), Butyl (Bu), Isobutyl (iBu), and Phenyl (Ph) 
(Figure 3). All these functional groups are attached at nitrogen in two different 
configurations syn and anti; the positions of attachment of these functional groups are 
shown in Figure 4.  In the syn-configuration, the functional groups are attached on the 
same side of the 2N-doped graphene surface; where as in the anti-configuration, the 














Figure 3. Functional groups attached at nitrogen atoms: Methyl (Me), Ethyl (Et), Propyl 
(Pr), Isopropyl (iPr), Butyl (Bu), Isobutyl (iBu), and Phenyl (Ph). NG indicates the N 
atom at graphene 
 







3.1. Structural Characteristics  
The geometries of the non-functionalized and functionalized 2N-doped graphenes 
were fully optimized using the B3LYP/def-SV(P) method. The bond lengths and bond 
angles for the non-functionalized 2N-doped graphene are provided in Figure 5. On the 
other hand, the bond lengths and bond angles relevant to the functional groups for the 
functionalized 2N-doped graphene are provided in Figures 6–12. In general, the C–N bond 
lengths in the graphene layer of the non-functionalized 2N-doped graphene are smaller 
than those obtained for all the seven functionalized 2N-doped graphenes. In contrast, the 
C–N–C bond angles in the graphene layer of the non-functionalized 2N-doped graphene 
are larger than those obtained for all the seven functionalized 2N-doped graphenes. This is 
attributed to the fact that the covalent bonding of alkyl and phenyls to nitrogen atoms on 
the surface of 2N-doped graphene leads to a distortion in the sublattices as well as changes 
in the electronic density at the N atoms. This is evidenced by the increase in C–N bond 
lengths to >1.5 Å, after attaching functional groups (Figures 6–12 and Table 1). It is 
known that the covalent functionalization disrupts the conjugation pattern of graphene. 
Additionally, the C–N bond lengths between the functional groups and the graphene layer 






Figure 5. Selected bond distances at the B3LYP/def-SV(P) level for 2N-doped graphene. 













Figure 6. Selected geometric parameters for the 2NG-Me syn- and anti- structures 













Figure 7.  Selected geometric parameters for the 2NG-Et syn- and anti- structures 




















Figure 8. Selected geometric parameters for the 2NG-Pr syn- and anti- structures 


















Figure 9. Selected geometric parameters for the 2NG-iPr syn- and anti- structures 




















Figure 10. Selected geometric parameters for the 2NG-Bu syn- and anti- structures 
















Figure 11. Selected geometric parameters for the 2NG-iBu syn- and anti- structures 













Figure 12. Selected geometric parameters for 2NG-Ph syn- and anti- structures 
















Table 1. The C–N bond lengths (Å) at the B3LYP/def-SV(P) level for the syn- and anti- 
configurations of the functionalized 2N-doped graphene.  
Structure 
2NG-X 
Bond length (Å) 
syn  anti 
a b c d e f  a b c d e f 
2NG 1.423 1.414 1.407 1.414 1.423 1.407  1.423 1.414 1.407 1.414 1.423 1.407 
2NG-Me 1.516 1.518 1.519 1.519 1.516 1.518  1.519 1.518 1.516 1.516 1.519 1.518 
2NG-Et 1.513 1.514 1.521 1.521 1.513 1.514  1.521 1.514 1.512 1.513 1.520 1.514 
2NG-Pr 1.512 1.515 1.512 1.521 1.512 1.515  1.521 1.514 1.513 1.513 1.521 1.513 
2NG-iPr 1.515 1.510 1.514 1.514 1.515 1.510  1.514 1.510 1.515 1.514 1.514 1.510 
2NG-Bu 1.512 1.514 1.521 1.521 1.511 1.514  1.514 1.514 1.512 1.512 1.521 1.514 
2NG-iBu 1.510 1.514 1.524 1.524 1.510 1.513  1.524 1.512 1.510 1.510 1.524 1.512 
2NG- Ph 1.519 1.521 1.527 1.526 1.518 1.520  1.527 1.520 1.518 1.518 1.526 1.520 
 
3.2. Relative Energies and Deformation Energies 
The total energies (E) related to the processes of the addition of alkyl and phenyl groups 
at the nitrogen atoms for the syn- and anti- configurations of the functionalized 2N-doped 
graphene at the B3LYP/def-SV(P) level are given in Table 2. The negative values obtained 
indicate that nitrogen functionalization reactions are generally feasible. In addition, the 
reactions of nitrogen functionalization with methyl, ethyl, propyl, isopropyl and isobutyl 
in the anti-configuration are considerably more exothermic than the reactions in the syn-
configuration. Thus, the functionalization of 2N-doped graphene with these groups in the 
anti-configuration is more feasible and stable than the syn-configuration. On the other 
hand, the reactions in the syn-configuration are considerably more exothermic than the 





groups. Thus, the functionalization of 2N-doped graphene with these groups in the syn- 
configuration is more feasible and stable than the anti-configuration. The relative energy 
is less than or equal to 1 kJ/mol for all the configurations of the functionalized 2N-doped 
graphene. The comparison between the relative energies (kJ/mol) at the B3LYP/def-SV(P) 
level for the syn- and anti- configurations of the functionalized 2N-doped graphene is 
shown graphically in Figure 13.   
Table 2. The values of relative energy (kJ/mol) at the B3LYP/def-SV(P) level for the 
syn- and anti- configurations of the functionalized 2N-doped graphene.  
Structure 
2NG-X 
syn   anti  











2NG-Me  -3247.82232 0.9  -3247.82265 0.0 
2NG-Et  -3326.32443 1.0  -3326.32480 0.0 
2NG-Pr  -3404.82810 0.7  -3404.82838 0.0 
2NG-iPr  -3404.81829 0.1  -3404.81833 0.0 
2NG-Bu  -3483.33341 0.0  -3483.33311 0.8 
2NG-iBu  -3483.30566 1.0  -3483.30605 0.0 







Figure 13.  Comparison between the relative energies (kJ/mol) at the B3LYP/def-SV(P) 
level for the syn- and anti- configurations of the functionalized 2N-doped graphene.  
The deformation energy is calculated as the energy of the functionalized 2N-doped 
graphene but without any functional groups (the single-point energy calculation is done by 
replacing the functional groups with dummy atoms) minus the energy of the optimized 2N-
doped graphene. The values of deformation energy are used to assess the extent of 
deformation of the syn- and anti-configurations of the 2N-doped graphene by alkyl and 
phenyl functionalizations.  
The deformation observed with methyl, ethyl, propyl, isopropyl and isobutyl in the 
syn- configuration is more than that caused by the anti-configuration. On the contrary, the 
deformation induced by the nitrogen functionalization with butyl and phenyl in the anti- 
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functional groups deforms 2N-doped graphene to a greater extent than smaller functional 
groups. Functionalization leads to considerable deformation of 2N-doped graphene, which 
is confirmed by change in C–N bond lengths by attachment of functional group (Table 3). 
This is, of course, expected due to interruption of aromatic π conjugation and the distortion 
of nitrogen atoms by attachment of functional groups. The comparison between the 
deformation energies (kJ/mol) at the B3LYP/def-SV(P) level for the syn- and anti- 
configurations of the functionalized 2N-doped graphene is shown graphically in Figure 
14.   
Table 3.  Deformation energy (kJ/mol) calculations using B3LYP/def-SV(P) optimized 
geometries of the syn- and anti- configurations of functionalized 2N-doped graphene 






2NG-Me 207.5 206.5 
2NG-Et 210.3 209.5 
2NG-Pr 212.3 211.2 
2NG-iPr 219.5 219.4 
2NG-Bu 209.6 210.6 
2NG-iBu 221.1 220.0 







Figure 14.  Comparison between the deformation energies (kJ/mol) at the B3LYP/def-
SV(P) level for the syn- and anti- configurations of the functionalized 2N-doped 
graphene. 
 
3.3. HOMO, LUMO Energies, and HOMO-LUMO Energy Gap 
Since the functionalization of 2N-doped graphene influences the band gap, the HOMO-
LUMO energy gaps have been calculated at the B3LYP/def-SV(P)  level using optimized 
geometries for the syn- and anti- configurations and the results were compared with that of 
non-functionalized 2N-doped graphene. Energies of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) and HOMO-LUMO 
energy gap for syn- and anti- configurations of functionalized 2N-doped graphene along 
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Table 4. HOMO, LUMO and HOMO-LUMO energy gap values (eV) obtained at the 
B3LYP/def-SV(P) level for the syn- and anti-configuration of the functionalized 2N-doped 
graphene. 


















2NG-Me  -9.14 -7.21 1.93  -9.14 -7.22 1.92 
2NG-Et  -9.09 -7.17 1.92  -9.09 -7.17 1.92 
2NG-Pr  -9.06 -7.14 1.92  -9.06 -7.14 1.92 
2NG-iPr  -9.03 -7.11 1.92  -9.03 -7.11 1.92 
2NG-Bu  -9.04 -7.12 1.92  -9.05 -7.12 1.93 
2NG-iBu  -9.04 -7.12 1.92  -9.04 -7.12 1.92 
2NG-Ph  -9.03 -7.07 1.96  -9.03 -7.07 1.96 
 
The HOMO energy for non-functionalized 2N-doped graphene is -4.21 eV, LUMO 
is -2.60 eV and HOMO–LUMO energy gap is 1.61 eV. The HOMO-LUMO gaps for the 
functionalized 2N-doped graphene are higher than non-functionalized 2N-doped graphene. 
It should be mentioned that HOMO-LUMO energy gap of functionalized 2N-doped 
graphenes varies depending on the functional groups. The syn-configuration of 
functionalized 2N-doped graphenes exhibit similar trend to anti-configuration regarding 
the HOMO and LUMO energies and HOMO-LUMO energy gaps. The HOMO-LUMO 
energy gap values are the lowest for the alkyl functionalized products, indicating that these 
structures are kinetically less stable than the phenyl functionalized products. The variation 





sublattices and the changes in the electronic density at the N atoms. The comparison 
between the HOMO-LUMO energy gap values (eV) at the B3LYP/def-SV(P) level for the 
syn- and anti- configurations of the non-functionalized and functionalized 2N-doped 
graphene is shown graphically in Figure 15. 
 
Figure 15.  Comparison between the HOMO-LUMO energy gap values (eV) at the 
B3LYP/def-SV(P) level for the syn- and anti- configurations of the non-functionalized 







 Several intrinsic properties of graphene, conductivity solubility and stability have 
been found to be improved through the process of covalent functionalization. The 
functionalization of 2N-doped graphene by the addition of alkyl and phenyl functional 
groups in syn and anti-configuration has been investigated using the B3LYP/def-SV(P) 
method. Seven functional groups were considered for attachment with the nitrogen atoms: 
Methyl (Me), Ethyl (Et), Propyl (Pr), Isopropyl (iPr), Butyl (Bu), Isobutyl (iBu), and 
Phenyl (Ph). The bond lengths, bond angles, relative and deformation energies as well as 
the HOMO-LUMO energy gap of the syn and anti-configuration of alkyl and phenyl 
functionalized 2N-doped graphene have been compared.   
An increase in C–N bond lengths to >1.5 Å, after attaching functional groups has 
been observed in both the the syn and anti-configuration. In case of both the syn- and anti- 
configurations of the functionalized 2N-doped graphene, the relative energy is less than or 
equal to 1 kJ/mol. Functionalization leads to considerable deformation of 2N-doped 
graphene, which is confirmed by change in C–N bond lengths by attachment of functional 
group. The attachment of larger functional groups deforms 2N-doped graphene to a greater 
extent than smaller functional groups. This may be attributed to the distortion in the 




LUMO gaps for the functionalized 2N-doped graphene are higher than non-functionalized 
2N-doped graphene. The HOMO-LUMO energy gap values are the least for the alkyl 
functionalized products, indicating that these structures are kinetically less stable than the 
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